ARTICLE AND METHOD FOR PRODUCING EXTREMELY SMALL PORE 
INORGANIC MEMBRANES 



5 CROSS REFERENCE TO RELATED APPL I CAT I ONS 

Th e pr e sent i nvontion i s a d i v i s i ona l app li cat i on of U.S. patent app l icat i on Sor. 
No. 00/253,086 f il od March 3, 1000, now U.S. patent No. , tho 

d i sclosuro of wh i ch is i ncorporatod horo i n by r e foronoo. 

10 

TECHN I CAL F I ELD OF THE I NVENT I ON 

Tho prosont invont i on ro l atos to porous i norganic membranes hav i ng oxtromoly 
sma ll pore sizes and a mothocj for produc i ng th e fine porod porous inorganic 

15 m e mbranos. — Thoso porous i norgan i c m e mbranos aro espec i al l y usefu l i n 
proc e ss e s for tho separation of d i fferent s i zo mo l ocul e s i n gases or li quids at 
high tomporaturos and — m — harsh chomica l — env i ronments, such as aro 
oncountorod i n coa l gasification procossos and i n tho potrochomical i ndustry. 
Tho Un i ted States Govornmont has certain r i ghts to this inv e nt i on pursuant to 

20 Contract No. DE AC05 8^IOR21^100 w i th Lockhood Mart i n Energy Systems, I nc. 
awarded by tho U.S. Department of Energy. 

BACKGROUND OF THE I NVENT I ON 

25 Dovolopmont work has boon carriod out at a number of i ntornat i ona l locat i ons 
w i th rospoct to th e prob l om of producing porous inorgan i c membranes, such as 
c e ram i c membranes, having e xtreme l y smal l pore sizos, i .e. pores having pore 
d i amet e rs of a fow Angstroms. Such i norgan i c membranos aro noodod for use 
i n tho separat i on of gasos at h i gh tomporaturos and i n harsh chom i ca l 

30 e nvironments, such as aro oncountorod i n coa l gasif i cat i on procossos and in 
tho potrochom i ca l i ndustry. — In part i cu l ar, th e mombrano poros must bo 
suffic i ent l y sma ll to separate gas mo l ocu l os on tho bas i s of molecular siz e , i n a 
process usua l ly roforrod to as mo l ocu l ar sieving, in order to achiovo h i gh 
soparation factors. 

35 

Var i ous prior art t e chn i ques hav e b e en i nv e st i gat e d for pr e par i ng i norganic 
membranes, which may b e ei th e r porous or nonporous i n phys i ca l makoup. 
Tho lattor catogory i s typ i fied by pal l adium or s il ver fo il meta l s. Soo Cor amie 
Membranes for Gas Soparat i on , "Svnthosis and Transport Prop e rti e s" Robert 
40 Jan Ro i n i or Uh l horn, pp 3 5, Novombor 1063. — Our invontion rolatos to tho 
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porouo category of inorganio mombranoG and i n part i cu l ar to mota l ox i doo, 
mota l carbidoc, motal n i tridoo, and connote. 

MombranoG may bo genera l ly clacoifiod by tho cizo of tho molocu l oc or particloc 
5 b e ing soparated and gonora l ly fa l l i nto four broad catogor i os: rovorco osmoG i o 
(average moan poro d i amotorG — 1 A 10 A), u l trafiltration (avorago moan pore 
diamotorc — 4^A — 1000 A), microfiltration (1000 A — 10,000 A), and partic l e 
f il tration (> 10,000 A). — Moro rooontly, rocoarch hoc boon porformod on 
nanofiltorc which includo tho uppor mo l ocular weight rango of tho rovorco 
io osmociG doma i n and tho l owor mo l ocular weight range of tho u l trafiltrat i on 
domain. 

Tho poroue inorganic mombranoG typ i cal l y aro composod of a porouQ cupport 
or carrier w i th a th i n coparation l ayor. Further, tho porouG i norganic 

15 mombran e c aro houGod in moduloc having variouG configurationG, cuch ac 
hollow fiborc, sp i ra l wound and p l ato and frame or flat Ghoot configurat i ono. 
See - Emora i ng Soparat i on and Soparativo Roact i on Tochno l oqioc for PrococG 
Wacto Reduct i on , Potor P. Radochi ot a l . pp. 17 18. Contor for Waste 
Roduct i on Tochno l oioG Amer i can I not i tuto of Chomica l Enginoorc, Now York, 

20 Now York, 1000. 

Tho pr i or art for making porouc i norganic mombranoG, which hac a market 
va l uo of i n oxcogg of $500 m i l li on, i o obv i ouoly qu i to oxtonc i vo. However, now 
dovo l opmont i n tho inorgan i c membrane fio l d ic oxpoctod to i ncroaco tho va l ue 
25 by a factor by at l oact 10 fo l d. Of tho pr i or art mothodG for preparing i norgan i c 
m e mbranoG, the ono that i G tho moot oxtonc i vo l y uGod i G a proceGG common l y 
cal l ed tho "co l gel" procoGC, wh i ch hac boon uood to prepare mombranoG. 

Tho go I go l procoGG i c baG i oal l y the ugo of a co ll o i dal eucponG i on of var i ouo 
30 mota l ox i doo or other coramic mator i a l o to mako ceramic art i cloo, wh i ch aro 
oithor porouo or non porouo. — Typica l mator i a l c aro a l um i na, c i l i ca, t i tania, 
z i roon i a, or m i xturoc thoroof. — Tho col l oidal eucponG i on i G formed by var i ouo 
proc i pitat i on mothodG. — I n gonoro l , tho collo i dal particloG aro very ema il , o.g., 
1000 A to roportod ac emai l ac 30 A. Whon a cufficiont amount of tho li qu i d 
35 (moGt l y water) i o romovod, tho co ll oidal eucponGion (or col) bocomoG a gol. To 
mako an article, tho co l go l i c formod, further dr i od, calc i ned and ointorod. 
Dopond i ng on tho dogr e e of Gint e r i ng, tho art i c l e can bo porouG to var i ouG 
dogrooG or can approach ful l donoity. 
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Whon ucod to mako membranes, i n most cas e s, a porous ort i c l o i s dosirod. 
Tho sizo of tho poros i n tho mombrano is dotorminod by tho s i zo and un i form i ty 
of th e part i c l es. — Tho poros aro tho int e rstic e s botwoon tho partic l os. — The 
e ffect i ve d i amotor of th e poros i s approx i mate l y one half tho diamotor of tho 
5 part i c l os. I f ono could mako a suspons i on w i th 30 A particlos (and that i s rea ll y 
d i fficu l t), about tho smal l ost oxpoctod poro d i amotors wou l d bo 15 A or l arger. 

Th e void fract i on (or fraction of tho mombrano that i s poros) of sol gel 
mombranoc is about 50% moro or l oss (but not much). For a mombrano w i th 

io such sma ll poros to havo any pract i ca l uso, it must bo vory thin, i .o., a fow 
microns or proforab l y l oss. Mombranos aro mado by apply i ng a thin layor of tho 
so l to tho surfaco of a porous support materia l . A s i mple way would bo to pour 
tho so l onto tho surface and thon a ll ow most of i t to dra i n off (or by othor 
moans) to romovo most of it. I n i t i a ll y, tho so l is pul l od into tho surfaco poros of 

15 tho porous support by cap i l l ary action. Tho sol stays noar tho surfaco and tho 
water is pu ll od into tho int e rior by capi ll ary act i on. Th i s removes a l argo fraction 
of tho wator from tho so l and causes it to go l . 

An i mportant factor in ach ie ving thin mombran e s i s to hav e tho poro diamotor of 
20 tho support materia l to bo l oss than 100 t i mos tho oxpoctod poro d i amotor of 
tho mombrano. — Th i s may roqu i ro a porous support w i th ono or moro 
i nt e rmodiato layors. 

I t is d i ff i cu l t to dry and ca l cino tho mombrano layor w i thout having a significant 
25 number of cracks (dofocts) in tho mombrano l ayor. Tho smoothor tho surfaco 
of tho support materia l tho fowor tho cracks. Th i s prob l em i s froquont l y so l ved 
by app l y i ng sovoral l ayors of tho so l so that cracks that do resu l t w i ll bo covorod 
by ono or moro of tho l ayors. — Soo Emorq i nq Separation and Separati ve 
Rea ct i on Tochno l oq i os for Procoss Wasto Reduct i on , abovo, for add i t i ona l 
30 deta i ls of tho so l gol method for produc i ng porous inorganic mombranos. 

Whi l o tho c l ass of i norgan i c mombranos common l y ca lle d "zo l ol i tos" havo boon 
proparod w i th poro sizes i n tho fow Angstrom rango, th e so mombranos havo a 
fundamenta l different physica l structuro than tho typical porous i norganic 

35 mombrano, such as a mota l ox i do. Tho crysta ll ographic structure of a zoolito 
defines tho poro diamotors i n contrast to a coramic mombrano whoro i n tho 
poros aro the i ntorst i cos botwoon tho part i clos. — Thus, whi l e the zeol i tos 
reprosont an i nteresting approach to coramic m e mbranes, tho basic prob l em to 
use of tho zeolitos as mombranos in industr i a l appl i cat i ons is that tho zoo l ito 

40 part i c l os havo to bo grown into a mombrano; i t i s d i ff i cu l t to grow thorn thin 
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onough w i thout dofoots, wh i ch without q major broakthrough li mito tho i r 
oommorcial or industr i a l uti l ity. 



Current l y, no porous i norgan i c mombranos hav i ng suffic i ently ema i l poroo aro 

5 comm e rc i al l y avai l ab l e for mo l ecu l ar sieving typos of gas separation 

app li cations. 

Ther e i s a nood to prov i do porous inorganic membranes that havo moan 
diamotor poro cizos on tho ordor of sovora l Angstroms, i.o. y bo l ow about 20 A 
10 for use i n separat i ng mo l ocu l os basod on tho i r s i zo. — Also, thoro is a nood to 
prov i do an off i ci e nt method for prepar i ng oxtromo l y small porod i norganic 
mombranos and in part i cu l ar to prov i do a method that l ends i tself to commercial 
sca le operat i ons. 

15 On e object i vo of th i s i nvont i on i s to provido a porous inorganic m e mbran e 
hav i ng a moan poro diamotor about 20 A or loss. 

Another objoct i vo i s to prov i do a process for produc i ng oxtromo l y f i no porod 
i norganic mombranos that aro su i tablo for a w i do rango of industr i al usos, 
20 i nc l uding rocyc l o of hydrogon i n p e troloum rof i nory, h i gh e r y i elds i n o l efin 
production and improved e ff i ciency i n a l arg e numb e r of chomical separat i on 
procossos. 

St ill a furthor object i s to prov i do a method for controlling tho reduction of the 
25 pore d i amotor of porous inorganic mombranos to tai l or tho resu l tant m e mbrane 
for spocif i c i ndustria l usos for separating spec i fic d i fforent sizo mo l oculoo. 

SUMMARY OF THE I NVENTION 

30 I n accordance w i th tho abovo and othor objects of tho i nvont i on, i t has boon 
found that f i no porod inorgan i c mombrano compr i sing a matr i x of materia l 
part i c l es hav i ng at least one mono l ayor of an i norganic compound un i form l y 
d e posited on tho surfaco of tho part i cl e s wh i ch make up tho por e wa ll s of tho 
matr i x can bo proparod in wh i ch th e mean poro d i amotor of tho poros aro l oss 

35 than about 20 A. — I n on e embod i ment tho porous i norgan i c mombrano, for 
examp l o, compris e s an i norgan i c matr i x of mota l ox i d e s, m e ta l carb i des, and 
mota l n i tr i des w i th at loost a monolayor of on i norgan i c compound, so l octod 
from tho group cons i st i ng of motal ox i dos, m e ta l carb i des, and mota l n i tridos, 
un i form l y dopos i tod on tho poro walls of tho i norganic mombrano. 

40 
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Wo havo found, qu i te unexpected l y, that a procoss for control l ing tho u l timate 
poro size of an fine por e d i norganic membrane cou l d roadi l y b e achiovod by 
d e positing ono mono l ayer at a t i mo of an i norgan i c compound, such as a meta l 
ox i d e , m e ta l carb i de, or meta l n i tride on the pore walls of tho i norgan i c 
5 membrane. According l y, with each l ayor of tho i norganic compound a effect i v e 
r e duction i n moan poro d i amotor of tho i norgan i c membrano product of a 
thickness of approx i mate l y on e molocu l o of tho inorganic compound, o.g., for 
gamma phase a th i ckness of about 2.5 A. I n add i tion, as tho mono l ay e rs 
ar e app l ied, tho i nd i vidual part i clos grow tog e ther form i ng a continuous matr i x 

10 

Th e process can, advantageous l y, bo repeat e d on e l ayor at a t i mo to reduce 
th e pore s i ze of tho matrix of tho inorgan i c compound to ach i ovo moan poro 
diamotor of tho poros to bo l ow about 20 A and ovon be l ow 5 A. Tho resu l ting 
fin e por e d i norgan i c membranes aro espec i a ll y us e fu l for gas separations, 
15 i nc l ud i ng a rango of app l icat i ons i nvo l v i ng high tomporaturo and harsh 
env i ronments, such as, for example, tho separation of hydrogen from gas i fied 
coa l at procoss tomporaturo. 

A l so, these fine pored i norgan i c membranes ar e us e fu l i n l argo scalo i ndustr i a l 
20 app li cat i ons in, for examplo, tho petro le um industry and inc l ude tho separat i on 
of hydrogen from h i gh temperature cata l yt i c dohydrogonat i on processes used 
for a broad rango of petrochem i ca l s, such as o l of i n production, as wel l as tho 
remova l of hydrogen from tho rofinory purge gases. Thoso i norganic 
mombranos w i th their oxtromo l y sma ll pore size and uniformly depos i ted 
25 inorganic compound on tho walls of the poros of tho matr i x, which havo 
h e r e tofor e not boon attained by tho prior art, aro un i quely usefu l as 
membranes, inc l ud i ng mo l ecu l ar s i eves. 

I n accordanco w i th tho i nvent i on, a method i s provided for producing porous 
30 i norgan i c m e mbranos hav i ng tho oxtromoly sma ll poro s i z e s discuss e d above, 
i.e., poro s i zes capab l e of prov i d i ng separation of gas mo l ecu l es by mo l ecu l ar 
siev i ng. 

Accord i ng to th e invention, a mothod is provid e d for roduc i ng tho por e s i z e of a 
35 porous i norganic mombrano hav i ng a surface i nc l uding thoroin poros w i th poro 
wa ll s, whoroin tho mothod compr i sos deposit i ng at l east ono l ayor of i norgan i c 
compound on tho poro wa l ls of the pores of tho i norgan i c mombrano, with oach 
l ayer of i norgan i c compound dopositod on tho i norgan i c mombrano hav i ng a 
thickness of approx i mate l y ono mo le cul e . Preferably, the deposit i ng of tho at 
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l oast ono l ayor comprisos dopociting a cufficiont number of l ayors to roduco tho 
moan poro d i amotor of tho poros to 20 A or I ogc. 

In ono ombodimont of tho prooont i nvention tho poro s i zo of tho matrix of an 
5 inorgan i c oompound is roduood by vapor treat i ng tho inorganic compound w i th 
a roactivo vapor of a inorgan i c procurcor compound wh i ch (1) i nc l udes a 
roact i vo group that roacts with surfaco hydroxy l s or oth e r surface mo l ooulos on 
th e inorganic membrano and wh i ch (2) also r e acts w i th wator or othor ch e mica l 
vapor that can combino with tho procursor to produco a surfaco that tho 

io procurcor w ill roact w i th. This roact i vo vapor produces a react i on with tho 
surfaco hydroxyls on tho i norgan i c mombrano surfaco to bond procursor 
molocu l os to tho i norganic membrano. — Preferab l y, tho inorganic mombrano 
surfaco i s thereafter troat e d w i th wator vapor, oxygon, or vapors conta i ning ono 
or moro oxygon ligands such as an a l coho l to convert tho inorgan i c procursor 

15 compound i nto tho corresponding i norgan i c compound. 

Tho mombrano is proforab l y troatod w i th an inorgan i c procursor compound 
seloctod from tho group cons i st i ng of ch l oro s il anos, organo si li con compounds, 
chloro t i tan i ums, organo titan i um compounds, organo alum i num compounds, 
20 and ch l oro zircon i a, and organo z i rcon i a compounds. — Further, tho inorgan i c 
mombrano i s proforab l y mado of a inorganic compound s el ected from tho group 
of a l umina, t i tantia, z i rcon i a, si li ca and a l um i na/s il ica mixtures. 

Advantageously, tho method further compr i s e s dry i ng tho inorgan i c mombrano 
25 prior to troating tho mombrano with tho roact i vo vapor of tho inorgan i c procursor 
compound. — Th i s dry i ng proforab l y comprises hooting tho mombrano and 
ho l d i ng tho mombrano at tomporaturo of 100°C to 200°C for ono to two hours i n 
an evacuated vosso l . — In this i mp le mentation, tho troating of th e inorgan i c 
mombrano with tho roactivo vapor of tho inorganic procursor compound 
30 proforably comprises i ntroducing tho roact i vo vapor i nto tho evacuated vosso l , 
ovacuat i ng tho vosso l to romovo unroactod inorganic procursor compound 
products and thon introduc i ng tho wator vapor, oxygon, or vapors conta i n i ng 
eoe — ef — moro — oxyg e n — l i gands — eueh — as — an — alcoho l — ifrte — the — v e sso l . 
Advantagoously, tho m e thod further compr i sos ovacuat i ng and r e fi ll ing tho 
35 v e sse l a l tornato l y w i th the roact i vo vapor and wator vapor a p l ura li ty of t i mes. 

In ono proforrod i mplementat i on, tho inorgan i c mombrano is compr i sed of 
alum i na and tho vapor tr e ating w i th a reactive vapor compr i sos treat i ng w i th a 
trimothy l a l um i num vapor. — I n an a l ternative imp l ementation whoro i n tho 
40 i norgan i c mombrano i s compr i cod of alum i na, tho troating w i th a roactivo vapor 
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compriooG treating tho inorgan i c mombrano with an anhydrouc aluminum 
ch l or i do vapor wh il o i n anothor implementat i on, tho treating with a roaotivo 
vapor oompr i oos treat i ng tho inorganio mombrano w i th a t i tan i um tetrachlor i de 
vapor. 

5 

I n an advantageous embod i ment, tho at l east one lay e r i s dopositod only on 
ono sido of tho i norgan i c mombrano. Proforably, prior to doposit i ng tho at l east 
ono l ayor, tho inorganic mombrano is coatod in a ho l dor, which onab l oo 
deposit i on on on l y tho ono s i do. 

10 

Oth e r foaturos and advantages of tho i nv e nt i on w ill bo set forth i n, or apparont 
from, tho fo l low i ng detailed descript i on of proforrod ombod i monts of tho 
i nv e ntion. 

15 BR I EF DESCRIPTION OF THE DRAW I NGS 

F i gure 1 is a b l ock diagram or flow d i agram of tho bas i c stops of a method in 
accordance w i th a proforrod embod i ment of tho invont i on; and 

20 F i gure 2 i s a graph i ca l representat i on of tho pore sizo d i str i but i on and 
porcontago of flow as a funct i on of poro radius, i n Angstroms, for a samp l o 
i norganic mombrano boforo and aftor tho pore s i zo reduct i on troatmont 
prov i ded by tho mothod of tho i nvontion. 

25 DESCR I PT I ON OF THE PREFERRED EMBOD I MENTS 

As doscribod above, tho mothod of tho i nv e ntion, i n genera l , provides for 
r e ducing tho pore s i zo of porous i norganic mombrano i n a contro ll ed manner by 
doposit i ng at l east ono l ayor of an inorganic compound on tho wa l ls of tho pores 

30 of tho porous i norgan i c membrane, w i th oach l ayor hav i ng a thicknooG of 
approx i mately ono mo l ecu l e of tho i norgan i c compound, i .e., b ei ng of ono 
monolayer th i cknoss or Iogg. Whilo tho invont i on iG app l icable to a numbor of 
d i ff e r e nt typos of porous i norgan i c mombranos, i nclud i ng titan i a, zirconio, s ili ca 
and alumina/s ili ca m i xturos, (among others), th e discuss i on bo l ow w i ll focus on 

35 porous a l um i na mombranos. 

As a f i rst stop, a porous a l um i na membran e i s preferab l y g i von a m il d drying 
troatmont to r e movo any water that is condonsod by cap il lary action i n tho 
mombrano pores and to romovo most of tho abeorbod water and othor 
40 contam i nants from tho mombrano surface whi l o loaving hydroxy l groups on tho 
surfaco. This stop i s roprooontod or i ndicated by b l ock 10 i n F i guro 1. Such 
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drying may bo accompl i shed by hoat i ng tho mombrano and ho l ding it at 100°C 
to 200°C for ono to two hours i n a voocol that io ovacuatod to a modorato 
vacuum. — Such a vacuum ic roadily aoh i ovab l o w i th a mochan i cal vacuum 
pump. This drying troatm e nt can bo oxpoctod to le avo essent i a ll y a mono l ayer 

5 of hydroxy l groups on tho surfaco of tho alum i na- 
Fo ll ow i ng tho dry i ng troatmont, a water roact i vo alum i num compound, such as 
trimoyth l aluminum (TMA) is i ntroduc e d i nto th e ovacuatod vossol as a vapor. 
Th i s stop is gonora ll y i ndicatod by b l ock 12 in F i guro 1. Tho mass of TMA can 

io bo roadi l y contro ll ed by sovoral known tochn i quos to assure dol i vory of 
adequate TMA wh il e avoid i ng s i gn i ficant exc e ss e s. For examp le , an ovacuatod 
transfer vesse l of known vo l umo can bo f i l l ed to the dos i rod pressure w i th TMA 
vapor from a supp l y cy l indor, and th i s known vo l ume can bo i ntroduced i nto tho 
e vacuatod troatmont vosso l conta i n i ng tho mombrano or membranes. — A 

is s e cond mothod would bo to oxposo tho a l um i na mombrano to a sma ll constant 
pressure of TMA. — In any event, whatever technique is used, tho TMA 
molecules react with hydroxy l s and or absorb e d wator mo l ocu l os on tho surfaco 
of tho alumina mombrano and thereby bocomo chem i ca l ly bonded to tho 
alum i na surface. This roact i on w i th hydroxy l s and or absorbod wator mo l ocu l os 

20 is e xpressed by tho fo l low i ng equat i on: 

Tho troatmont vosso l may bo ovacuatod and rof i l l od w i th TMA vapor ono or 
25 more timor to aid i n romova l of tho roact i on product, mothano (ChU), from tho 
small mombrano pores and to a i d transfer of tr i mothy l a l uminum vapor i nto tho 
pores. This troatmont wi ll produce a mono l ayer of A I O(CH g ^ on tho surface of 
tho poro wa l ls. 

* 30 Aftor TMA troatmont, tho vossol i s ovacuatod to romovo a ll unroactod TMA and 
thon wator vapor, oxygon, or vapors conta i n i ng ono or moro oxygon li gands 
such as an alcohol is introducod thoro i n. Th i s stop i s i nd i catod by b l ock 14 i n 
F i guro 1. — Tho wator mo l oculos react w i th tho mothyl groups, l iberating tho 
mothano and l oav i ng hydroxy l groups attachod tho dopos i tod to alum i num. 
35 This i s exprossod by tho oquat i on: 

A10(CH^a + 2 H^O > AIO(OH)^ + 2CH 4 ^>, 

Th i s roaction l oaves tho surfaco covorod w i th a mono l ayer of tho A I O(OH)^ 

40 



8 



Tho voggoI may bo ovacuatod and ref i lled with wator vapor moro than onoo to 
a i d in transferring wator vapor into tho sma ll poroo and remov i ng tho mothano. 

Tho forego i ng mothod depos i ts a l ayor of alum i na w i th e xposed mono l ayers of 
5 hydroxyls, approx i mate l y one mo l ooulo thick on tho wa ll c of tho membrane 
poros, thoroby reducing tho poro rad i us by that thickness. For oxamp l o, i f tho 
depositod layor w e re 3 A th i ck, th e pore rad i us wou l d bo reduc e d by 3 A and 
tho poro diamotor by 6 A. Of course, tho poro d i amotor may bo reduced further 
by depositing one or moro add i t i ona l layers of a l umina by treat i ng tho 
io membrane a l ternative l y w i th TMA vapor and wator vapor as doscr i bod abovo. 
Such a stop i s i ndicated by b l ock 16 i n F i gure 1. I t is noted that appl i cation of a 
part i a l mono l ay e r of alumina can b e accomp l ished by i ncreasing the dry i ng 
temperature pr i or to tho TMA vapor oxposuro, thus reducing tho concentrat i on 
of surface hydroxy l s. 

15 

Aftor complot i ng vapor tr e atments, tho mombran e may be hoot treated in air to 
stabi li ze tho membrane for subsoquont use at h i gh tomporoturos. 

I t i s important to tho pract i ce of our i nvention to note that tho start i ng i norganic 
20 membrano can hav e any moan poro diam e ter and tho poro d i amotor can be 
success i ve l y reduced by approx i mat el y on e mo l oculo thickness on th e poro 
wa ll s of the mombran e . 

Tho mothod of tho invention can bo used, and has boon used, with other 

25 ch e m i cals. For e xample, a l umina membranes havo boon tr e ated w i th 

anhydrous a l uminum chlor i do vapor fol l owed by troatmont with wator vapor and 
this resu l ted in tho successful depos i tion of a l um i na on tho membranes and in 
reduced poro s i ze. — Because tho vapor pressure of anhydrous a l uminum 
ch l or i de (a solid) is relat i ve l y l ow, tho compound was heated to 124°C to 
30 provide a high vapor pr e ssure and tho treatm e nt vesse l conta i ning tho 
mombranos was hold at a s li ghtly h i gher tomporaturo i n ordor to l i m i t tho 
relative prossuro and avo i d condensat i on of tho vapor on tho system surfaces. 

Tho mothod of tho invention has a l so boon appl i ed to troat a l umina mombranos 
35 w i th t i tanium t e trach l or i de vapor and wator vapor. — The vapor prossuro of 
t i tanium totrochlorido (a li qu i d at room tomporaturo) was sufficient l y high to 
perm i t vapor treatments to bo perform e d at room t e mperature. This troatmont 
successful l y deposited t i tania on tho mombranos and reduced tho poro s i ze. 
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Bas e d on th e se results, th e m e thod of tho invent i on can bo usod to deposit any 
compound that can bo on tho mombrano walls and ohomically roaotod to 
proparo tho compound to accopt add i t i ona l layors. — Thus, i n add i tion tho 
methods using TMA, anhydrous aluminum ohlor i do, and t i tan i um totrach l orido 
5 doscr i bod abov e , a broador c l ass of coramic pr e cursor compounds can bo usod 
which wou l d inc l udo compounds (a) which havo odoquato vapor prossuro to bo 
usod in a vapor tr e atment, (b) wh i ch hav e a r e act i v e group that w i l l roact w i th 
surfaco hydroxy l s and or absorbod wator mo l oculos and bond tho precursor 
mo l oculos to th e coramic surface and (c) which w ill roact with water vapor, 

10 oxygen, or vapors conta i ning ono or moro oxygon ligands such as an alcoho l 
(w i th or w i thout tho app li cation of hoat) to convert to tho dosirod coram i c. Qthor 
e xamp l es of th i s class of coram i c pr e cursor compounds i nc l ud e ch l oro si l anes, 
some organo s ili con compounds, and several organo a l um i num compounds, i n 
addition to TMA. As stated abovo, whi l o tho focus i n tho spoc i fic oxamp l os sot 

15 forth abovo was on a l um i na membranes tho mothod i s app li cab l e to most typos 
of coramic mombranes inc l ud i ng o.g., t i tant i a, ziroon i a, si l ica and a l um i na s il ica 
m i xtures. 

I n an advantageous imp l omontat i on th e m e mbran e is sealod i n a ho l dor so that 
20 tho mombrano i s oxposod to tho troatmont vapors on l y from ono s i do of tho 
mombrano. — This roducos tho pore sizo at ono mombrano surfaco, thoroby 
resu l t i ng in a s i gn i f i cant l y th i nnor port i on of tho mombrano hav i ng tho roducod 
sizo poros. Th i s approach shou l d produce a smal l por e s i z e membrano hav i ng 
a much highor pormoanco. 

25 

Tho mothod of tho invention can bo usod as an effici e nt means to a l tor tho 
surfaco chem i stry as wo ll as tho phys i cal attr i butes of tho part i c l es that makeup 
any i norgan i c mombrano. Ono oxamp l o of th i s would b e the depos i t i ng of si li ca 

on tho surfaco of an a l um i na — mombrano. I-r — addit i on, — certa i n othor 

30 organomotal l ic compounds common l y us e d for ch e m i ca l vapor depos i tion i n tho 
somiconductor i ndustry, such as tho d i or tr i mothy l or ethy l compounds of tho 
group IB V I B o l omonts, cou l d bo usod for this purpose 

Further, tho mothod cou l d b e us e d to bond tog e ther inorganic compound 
35 partic l es that make up a mombrano in ordor to i ncroaso th e durab i lity of tho 
mombrano. — For oxamplo, tho prosont mothod could b e us e d to strengthen 
l arg e r por e membranes, o.g., — 1000 A, by depos i t i ng on e or more mono l ayers 
on tho l arger part i c l es that makoup tho matr i x mator i al, thor e by physica ll y 
jo i ning th e partic l es and i mpart i ng str e ngth to tho matrix mat e r i al. 

40 
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EXAMPLE 1 



A porouo alum i na (A I ^ Q a) membrane was proparod in accordance w i th tho 
method of th i s invent i on as fo ll ows: a gamma alumina mombrano i n tho form of 
5 a CM" QD tubo commerc i a ll y available from U.S. Fi l ter Corporat i on was used. 
Tho mombrano used was tho smallest poro size mombrano ava il ab l o from U. S. 
Fi l ter and was apparently produced by a so l go l procoss. — Tho moan poro 
rad i us was 18.5A as moasurod by tho Dynamic Poro (DPS) Tost. — The 
mombrano was p l acod i n an ovaouatod vesse l and g i von a m i ld dry i ng 
10 troatmont by vacuum dry i ng ( 1 torr) at 100° for ono hour. This stop was to 
onsuro that wator which i s capi ll ary condensed in tho poros of tho a l um i na is 
romovod, as well as tho romova l of any adsorbod water and any othor 
contam i nants from tho poros of tho mombrano whi l o l eav i ng hydroxyl groups on 
tho surfaco of tho AU Q3 part i c l os that make up tho mombrano matr i x. 

15 

Tho dr i ed mombrano was noxt exposed to tr i mothy l a l um i num (TMA) vapor at 
room tomporaturo to roact tho TMA mo l ecu l es w i th tho hydroxyls and any 
rema i ning wator mo l ecu l es absorbod on tho surfaco of tho AU Q3 particlos. Tho 
TMA rolat i vo prossuro was maintainod at l oss than 30% for a per i od of 30 
20 minutos. 

After tho TMA troatmont, tho vossol was ovacuatod to romovo all unroactod 
TMA and thon the a l um i na mombrano was e xposed to wator vapor at room 
tomporaturo. — Tho wator vapor reacted w i th tho rema i n i ng methy l groups, 
25 l i berat i ng mothano and l eav i ng hydroxy l groups ottachod to tho dopos i tod 
a l uminum molocu l o. 

Tho alumina mombrano was further treated by a l ternating reaction with tho 
TMA and wator vapor. After throo cyc l es of such troatmont, tho mombrano was 
30 hoatod to 300° C i n air for ono hour and rotost, us i ng tho DPS tost. Tho moan 
poro radius of tho a l um i na mombrano had boon roducod to 8 A. Tho poro s i zo 
distr i but i ons moasurod on tho mombrano boforo and aftor troatmont aro shown 
in F i gure 2. 

35 In an offort to roduco tho poro s i zo furthor, tho a l um i na mombrano was further 
troatod by dry i ng, oxposuro to TMA vapor, oxposuro to wator vapor, and hoatod 
at 300° C. Aftor th i s add i t i ona l troatmont, tho DPS Tost was unablo to measure 
tho poro s i zo of tho mombrano, i ndicat i ng that tho poro rad i us had boon 
roducod to approx i mately 5 A or smallor. 

40 
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Tho alumina mombrano wao subsequently tested i n a h i gh tomporaturo flow 
tost cyctom at sovoral tomporaturos botwoon room tomporaturo and 275°C 
us i ng ho li um (Ho) and oarbon totrafluor i do (CF 4 ) as toot gasoo. — Soparation 
factors for H0/CF4 wer e dotorm i n e d from tho rat i os of the puro gas flows 
5 moasurod at oach of sovora l tomporaturos. — Tho H0/CF4 soparation factor 
dotorm i nod for tho mombrano at 250°C was 4.08. A mathomat i ca l modo l usod 
to ost i mato tho mombrone poro s i z e ind i cat e d that moan por e radius of tho tost 
mombrano was 5.0A. 

10 Aftor test i ng, tho a l umina mombrano was subjected to a furth e r cyclo of vapor 
troatmont/wator vapor in an effort to roduco tho poro s i zo yot further and to 
thoroby i ncreaso tho soparat i on factor. — After th i s was don e , the a l umina 
mombrano was again test e d i n tho high tomp e raturo flow tost system at sovora l 
tomporaturos. Tho Ho/CF 4 soparat i on factor dotorm i nod for tho mombrano at 

15 250°C was 62.4 . Th i s va l uo, which was tho moan of throe determ i nat i ons, i s 
dramatical l y h i ghor than the soparation factor of 4.08 dotorm i n e d prev i ous l y 
pr i or to tho last troatmont cyclo. — Us i ng tho mathomat i cal modol roforrod to 
abovo, tho moan poro sizo of tho a l umina mombrano was dotorm i nod to bo 2.5 
A. — It w i l l thus bo approciatod that tho method of tho i nvont i on is offoctivo i n 

20 reduc i ng poro s i zo and, in part i cular, is capablo of producing oxtromoly sma ll 
poros, hav i ng a moan poro rad i us of 2.5 A or smal l er, such as i s required i n 
ach i ev i ng h i gh s e paration factors by mo l ecu l ar s i ev i ng. 

Tho alumina mombrano appeared to bo stab l e and oxhib i tod roproducablo 
25 permeab i lity values for tho duration of tosting wh i ch was ovor s e v e ral w e eks. 



EXAMPLE 2 

30 An a l um i na mombrano was proparod us i ng tho samo mothod and apparatus 
doscr i bod i n Examplo 1, except that titan i um tetrachloride vapor was usod i n 
placo of tho trimothy l a l um i num. Tho vapor prossuro of t i tanium totrachlorido (a 
li quid at room tomporaturo) was suffic i ent l y h i gh to porm i t tho vapor troatmonts 
to bo porformod at room tomporaturo. 

35 

Tho succossful depos i t i on of t i tan i a on tho wal l s of an a l um i nia m e mbrane 
demonstrates tho flex i b il ity of th e mothod of tho i nvont i on and i mportant l y tho 
uso of tho mothod to o l tor tho chom i ca l surface of tho mombrano, i.o., any 
incoming gas would soo titania i nstead of tho a l umina matrix. This is i mportant 
40 i n bo i ng ab l o to tai l or tho chom i ca l naturo of tho mombrano curfaco. 
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EXAMPLE 3 



5 Throo t i tan i a mombranos woro proparod ucing tho samp l o mothod and 
apparatus doscribod in Examp l o 2. — Thoso mombranos woro dr i od by 
ovaouating to about 1 torr at 100° C for 2 hours to romovo oxooss absorbed or 
cap il lary condonsod wat e r. A t i tania t e trach l orido vapor rotort and tho damp l o 
ho l d e rs woro ovacuatod. T i tan i a totraohlor i do vapor was a ll owod into tho vapor 

io rotort to about 0.0 rolat i vo prossuro. Th i s vapor was a ll owod to oxpand into tho 
samp l o rotort, y i olding a t i tania totraoh l orido vapor rolativo pressure of 0.7. 
Aft e r 30 m i nut e s, the t i tania totraoh l or i do vapor was pumpod out and air w i th 
5% ro l at i vo hum i dity was addod and hold for 30 minutos. 

15 Th i s treatment was ropoatod oxoopt tho titania tetrachlor i do rolat i vo prossuro 
was 0.5. Tho mombranos woro h e ated at 300° C i n air for 2 hours. Tho two 
t i tan i a totraoh l or i do troatmonts produc e d a docroas e in pormoab i l i ty wh i ch 
would i ndicato a reduct i on in poro sizo of about 3 A. An i ncroaso i n wo i ght i f 
d i stributed ovonly ovor tho pore surfacos would bo cons i stent with about 2 

20 mono l ayors of t i tan i a. Tho i n i tia l poro diamotor of thoso mombranos was 100 

At 



EXAMPLE 4 

25 

A typ i ca l porous i norgan i c membrane can be fabr i cated by app l y i ng ono or 
more porous l ayers onto a porous support tube, then applying one or moro 
mono l ayers of an a l um i na by alternate l y app l ying, for oxamplo, tr i mothy l 
a l um i na vapor and 10% rolat i vo hum i d i ty a i r two or three t i mos, then hoot 
30 treat i ng at 300° C or h i gher i n air for a per i od of 1 hour to produce a stab l e 
alum i na. Tho vapor troatmonts can bo ropoatod unt i l tho dos i rod f i na l poro s i zo 
i s obtainod. 

Although tho i nvent i on has boon doscribod r e lative to e x e mp l ary ombod i monts 
35 thoroof, i t w il l bo understood by thoso ski ll od i n tho art that variations and 
modif i cations can bo offoctod i n thoso oxomp l ary ombodimonts without 
deporting from tho scopo and sp i r i t of tho i nvention. 
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What i o c l aimod i s: 



4^ A m e thod for reducing tho por e s i zo of an i norgan i c mombrano hav i ng a 

5 matr i x of matoria l part i cloo i nc l ud i ng poroo w i th poro wa ll s there i n, sa i d method 
Gompr i o i ng dopoo i t i ng at l oast ono monolay e r of an i norgan i c compound 
uniform l y on tho surfaco of tho partic l es which mako up tho poro wa ll e of tho 
pores of sa i d matr i x. 

10 Or, A mothod for roducing tho poro sizo of an inorganic mombrano as 

c l aimod i n c l a i m 1 whoro i n deposit i ng of said at loast ono mono l ayer compr i ses 
deposit i ng a suffic i ent numbor of sa i d monolayers to reduc e the m e an poro 
diam e t e r of sa i d pores to bo l ow about 20 A. 

is & A mothod for roducing tho poro sizo of an inorganic mombrano as 

c l a i mod in c l a i m 1 whoro i n deposit i ng of said at loast ono mono l ayer compr i ses 
depositing a suff i cient numbor of said mono l ayors to roduco tho moon poro 
diam e t e r of sa i d pores to no groator than 5 A. 

20 4-. A mothod for roduc i ng tho poro s i zo of an i norganic mombrano as 

c l a i mod i n cla i m 1 whoroin sa i d depos i t i ng of sa i d at loast ono mono l ayer 
comprisos vapor treating tho inorgan i c compound w i th a react i ve vapor of a 
precursor i norgan i c compound which i ncludes a roact i vo group that roacts with 
surfaco hydroxy l s on sa i d i norgan i c compound, and wh i ch reacts with water, so 

25 as to produco a react i on w i th tho surfac e hydroxy l s on tho i norgan i c compound 
surfac e to thor e by bond procursor mo l oculos to tho i norgan i c compound, and 
th e r e after treat i ng th e i norganic compound surfaco w i th wat e r vapor to convort 
tho procursor i norgan i c compound i nto tho corr e spond i ng inorgan i c compound. 

30 & A mothod for roducing tho por e siz e of an inorganic mombrano as 

cla i mod in c l a i m 1 whoro i n said inorgan i c compound is treat e d w i th a procursor 
i norgan i c compound so l octod from th e group cons i sting of chloro s i lanos, 
organo si li con compounds, chloro titaniums, organo t i tan i um compounds, and 
organo a l um i num compounds, ch l oro zircon i a, awd organo z i rcon i a 

35 compounds. 

A mothod for roducing tho por e s i zo of an i norganic mombrano as 

c l a i mod i n cla i m A whor e in the inorganic compound is mad e of an i norganic 
compound so l octod from tho group of alumina, titant i a, zircon i a, si l ica and 
40 a l um i na/si l ica m i xtures. 
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A mothod for reducing tho poro sizo of an inorgan i c mombrano as 

cla i med i n c l a i m A further compris i ng dry i ng tho inorgan i c compound pr i or to 
treat i ng tho i norgan i c compound with sa i d roactivo vapor of ca i d precursor 
5 i norgan i c compound. 

ft A mothod for reduc i ng tho poro s i zo of an i norganic mombrano as 

claimod in cla i m 7 wh e r ei n said dry i ng compr i ses heat i ng tho i norgan i c 
compound and ho l ding tho inorgan i c compound at tomporaturo of 100°C to 
10 200°C for one to two hours i n an ovacuatod vosso l . 

ft A mothod for reduc i ng tho por e s i zo of an i norgan i c m e mbrane as 

cla i mod in c l a i m 8 whoro i n said treating of sa i d i norgan i c compound w i th said 
roact i vo vapor of said procursor i norgan i c compound comprises i ntroducing 
15 sa i d roact i vo vapor into said ovacuatod vessel, evacuating tho vossol to romovo 
unroactod precursor i norganic compound products and then i ntroducing said 
wat e r vapor i nto tho vosso l . 

4ft A mothod for reduc i ng tho poro s i zo of an i norgan i c mombrano as 

20 c l aimod i n cla i m 0 further compr i sing evacuat i ng and ref ill ing tho vosso l w i th 
sa i d roactivo vapor a plura li ty of t i mes. 

44. A mothod for reducing tho poro sizo of an i norgan i c mombrano as 

c l a i mod i n c l aim 0 whoro i n said inorganic compound is compr i sed of gamma 
'25 phaso a l um i na and said vapor tr e ating with a roact i vo vapor compr i sos troat i ng 
tho inorgan i c compound with a tr i mothyl aluminum vapor. 

4^ A mothod for roduc i ng tho poro sizo of an inorganic mombrano as 

c l a i mod in c l a i m 0 whoro i n sa i d i norganic compound i s comprised of gamma 
30 phaso alum i na and sa i d troat i ng w i th a roactivo vapor comprisos troating tho 
inorgan i c compound with an anhydrous alum i num chloride vapor. 

4ft A m e thod for r e ducing tho pore s i zo of an i norgan i c mombrano as 

c l aimod i n cla i m 0 whor e in sa i d i norganic compound i s compr i sed of gamma 
35 phaso alum i na and said troat i ng w i th a roact i vo vapor compr i sos troating tho 
i norgan i c compound w i th a titanium tetrachlor i de vapor. 

44-: A mothod for roduc i ng tho poro sizo of an i norganic membrane as 

cla i mod in cla i m 1 whoroin sa i d at l oast ono l ayer i s deposited on l y on ono side 
40 of sa i d i norgan i c compound. 
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4£: A mothod for roducing tho poro sizo of an i norganic mombrano as 

o l a i mod i n c l a i m 14 wher e in, pr i or to d e pos i t i ng said at l oast ono l ayor, sa i d 
i norgan i c compound i s soatod i n a ho l der wh i ch e nab l es depos i t i on on on l y sa i d 
5 ono sido. 

46 A mothod for roduc i ng th e poro s i ze of poros i n a surfaco of an i norgan i c 

mombrano to a m e an poro d i am e t e r of b e low about 10 A, said m e thod 
compr i s i ng tho fo ll owing stops: 

10 

(a) drying th e inorganic m e mbran e to remove wat e r from th e pores 
th e reof wh i l e loav i ng surfaco hydroxy l s; 

(b) expos i ng tho i norgan i c mombrano to a roact i vo vapor of precursor 

i norgan i c compound having a react i ve group to e ff e ct r e act i on th e r e of w i th said 
15 surface hydroxy l s to bond precursor molecules to the i norgan i c compound 
surfaco; 

(c) e xposing th e i norgan i c membrane to wat e r vapor to hydro l yz e the 

precursor molocu l os and produco an i norgan i c compound dopos i t; and 

20 

(d) ropoat i ng at l oast st e ps (b) and (c) f as necessary, to roduco tho moan 
por e diamet e r of a surfaco of tho i norganic compound of about 10 A. 

47- . A mothod for roducing tho poro sizo of poros as c l a i med i n c l a i m 16 

25 wh e rein sa i d dry i ng compr i sos p l acing said i norgan i c compound i n a h e ated 

e vacuat e d v e ss el to e ff e ct drying of th e inorgan i c compound, sa i d roact i vo 
vapor b e ing i ntroduc e d into sa i d vess el after dry i ng of sa i d inorgan i c compound 
and sa i d wator vapor bo i ng i ntroduc e d i nto sa i d vosso l aftor remova l of 
unroactod products of said react i on. 

4& A mothod for roducing tho poro sizo of an a l umina mombrano, sa i d 

method comprising: treating the a l uminia membrane w i th tr i methy l a l um i num so 
that mo l ocu l os of tho tr i methy l a l um i num roact with hydroxy l s on th e surfac e of 
th e a l um i na mombrano and aro chom i cal l y bonded to sa i d surface and m e thane 
35 is produced as a roact i on product; and treating tho a l umina mombrano w i th 
vapor wator so that wator mo l oculos roact with any romain i ng mothy l groups to 
li borato mothano and to l oavo hydroxy l groups attached to depos i ted a l um i num. 



4& A method for reducing tho poro c i zo of an a l um i na mombrano ao claimed 

i n c l a i m 18 whoro i n tho alumina mombrano i s dr i od pr i or to treatment thoroof 
w i th sa i d trimothy l alum i num. 

5 2& A mothod for reduc i ng tho poro cizo of an a l um i na mombrano ao claimod 

i n c l a i m 10 wh e r ei n sa i d drying oompr i sos hoot i ng tho a l um i na mombrano and 
ho l d i ng tho a l um i na mombrano at a tomporaturo of 100°C to 200°C for ono to 
two hours i n an ovacuatod vosso l . 

10 2A-. A mothod for reducing tho por e s i z e of as cla i mod in c l aim 20 whoro i n 

said trimothyl aluminum is i ntroduced as a vapor into sa i d vosso l . — 

22-. A mothod for reducing tho poro s i zo of por e s i n a surface of a porous 

c e ramic mombrano to a moan rad i us at le ast as smal l as 5 A, sa i d mothod 
15 comprising th e fol l owing stops: 

(a) dry i ng tho ceram i c mombrano to remov e water from tho poros thoroof 

wh i le l oav i ng surfaco hydroxy l s; 

(b) expos i ng tho mombrano to a reactivo vapor of precursor ceramic 

compound hav i ng a rooct i vo group to effect react i on thoroof with said surfaco 
20 hydroxy l s to bond precursor mo l ecu l os to tho mombrano surfaco; 

(c) expos i ng tho m e mbrano to wator vapor to hydro l yze tho procursor 

mo le cu le s and produco a c e ram i c depos i t; and 

(d) repeat i ng at l east stops (b) and (g), as necessary, to reduce tho moan 

poro radius of a surfaco of tho mombrano to at l east small as 5A. 

25 

23t A m e thod for reduc i ng tho por e s i z e of poros as c l aimod i n c l aim 22 

whoroin said drying comprises placing sa i d mombrano in a hoatod ovacuatod 
vossol to effect dry i ng of th e m e mbrane, sa i d roact i vo vapor bo i ng introduced 
i nto sa i d vosso l after drying of sa i d membrano and sa i d wator vapor bo i ng 
30 i ntroduced into sa i d vess el after remova l of unroact e d products of sa i d r e act i on. 

Tho mothod of cla i m 4 whoro i n sa i d vapor troat i ng i s carr i ed out i n a 

t e mporaturo rango of amb ie nt tomporaturo to about 300°C. 
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ABSTRACT OF THE D I SCLOSURE 



An article and mothod for produc i ng Qxtromo l y smal l poro i norganiG 

mombranos. — Tho mothod onab le s r e duction of th e pore s i zo of a porouo 
inorganic mombrano, ouch as mota l oxides, mota l carbides, motal nitr i des and 
oormots. Moan poro d i amotors of bo l ow about 10 A. Can road il y and off i ciont l y 
bo achiovod. Aftor tho conv e nt i ona l format i on of an i norgan i c membran e , tho 
poro s i zo of tho mombrano i s progross i v e ly roducod i n a contro ll od manner to 
d e pos i t ono or moro l ayers of an i norganic compound on the poro wal l s. Th i s is 
dono by oxposing tho mombrano to tho vapor of an i norgan i c precursor 
compound. Tho compound reacts w i th hydroxyl groups and or absorbed wator 
mo l ocu l os on tho surfaco of tho membran e and i s thus bond e d to tho surface. 
Wat e r vapor, oxygon, or vapors containing ono or mor e oxygon l igands such as 
an alcohol aro usod to hydro l yzo tho depos i ted material to tho i norgan i c 
mombrano. 
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